The New Zealand cockle Austrovenus stutchburyi is often found stranded on the sediment surface due to infections by echinostome trematodes. High densities of heavily-infected cockles on the sediment surface a¡ect near-seabed hydrodynamics and sedimentation and, in turn, benthic animal community structure and diversity. In a six-month ¢eld experiment on an intertidal sand£at we manipulated the density of cockle mimics on the sediment surface, and here we show that their presence had two signi¢cant impacts on community functioning. First, the benthic primary production (in terms of chlorophyll-a content) was reduced by 8^22%. Second, their presence signi¢cantly boosted (up to 5-fold) the secondary production (in terms of biomass) of Coelenterata, Nemertea, small polychaetes, small bivalves and the gastropod Diloma subrostrata. The results hence provide a ¢eld experimental example of a parasite-mediated link between diversity and productivity.
INTRODUCTION
One of the most active and controversial research areas in ecology over the last few years has been the study of the relationship between biodiversity and ecosystem functioning, in particular the link between diversity and ecosystem productivity (e.g. Loreau et al., 2001; Naeem & Wright, 2003) . The consensus that is slowly emerging is that species diversity in£uences productivity, as well as other fundamental ecosystem properties such as stability (e.g. McCann, 2000; Fridley, 2001) , although exactly how it does so remains unclear. In this context, ¢eld manipulations that allow di¡erences in local diversity to develop naturally can shed light on how diversity impacts on productivity.
Parasitism is increasingly recognized as a factor that can determine the diversity and structure of animal communities (Minchella & Scott, 1991; Mouritsen & Poulin, 2002) . Intuitively, one might expect that parasitism would have a negative impact on diversity, but this is not so. For instance, two echinostome trematodes parasitize the common cockle Austrovenus stutchburyi, the most important invertebrate in terms of biomass on New Zealand intertidal soft-bottom habitats. The two parasites, Curtuteria australis and Acanthoparyphium sp., can attain high infection levels in cockles, and combine to interfere with the mobility and burrowing ability of their cockle hosts Mouritsen, 2002; Babirat et al., 2004) . They encyst in the cockle's foot and impair its function to the point that severely infected cockles remain stranded at the sediment surface for an extended period of time. Previously, we have shown that both the reduced movement (bioturbation) of cockles and the greater density of surfaced cockle mimics result in increased species richness and higher densities of most taxa and functional groups of macroinvertebrates in the benthic community (Mouritsen & Poulin, 2005) . Solely through their e¡ect on cockle behaviour, these parasites cause changes in the structural complexity of the sediment surface, in the near-seabed hydrodynamics, and in small-scale sedimentation patterns, with cascading e¡ects on the biotic community. Such trait-mediated indirect e¡ects of parasitism can generate variation in community diversity among di¡erent localities, since infection levels by echinostome trematodes in cockles vary greatly on a regional scale (Mouritsen & Poulin, unpublished data) . It is not clear, however, how this parasiteinduced variation in local diversity translates into variation in key system properties such as productivity.
Here, we extend our investigation into this system by quantifying the simulated indirect impact of the parasites on primary and secondary production on New Zealand mud£ats. Our speci¢c objective is to assess alone the physical e¡ect of increasing densities of heavily-parasitized surface cockles, here in terms of cockle mimics, on the abundance of primary producers and the biomass of secondary producers. These results can then be matched with our earlier demonstration that parasitism in this system increases species richness and diversity, to evaluate the overall impact of the parasites on ecosystem functioning.
MATERIALS AND METHODS
Study site and experimental procedure Here the infection intensity by echinostomes in local bivalves is relatively low and surfaced cockles are rarely found. The experiment was carried out as a randomized block design in which three treatments manipulating the density of cockle mimics on the sediment surface, and hence their impact on near-seabed hydrodynamics and sedimentary conditions (see Mouritsen & Poulin, 2005) , were randomized within seven blocks distributed evenly along a 56 m transect parallel to the waterline. The experimental unit was a 1Â1m plot crossed by ten parallel ¢shing-lines attached to peripheral lines anchored into the sediment by pegs. The treatments were respectively none, 30 and 100 mimics attached to the parallel lines of the three experimental plots within each block. At sites of heavy infections, the natural densities of surfaced cockles may exceed 50 m
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, and thus the experimental densities we used cover the gamut of possibilities. The mimics were natural cockleshells glued shut (with clay enclosed to obtain approximately natural buoyancy) and attached to 6-cm ¢shing-lines that in turn were attached to the parallel ¢shing-lines in a random pattern. The corner-pegs were hammered down below the sediment surface and the parallel ¢shing-lines were gently pushed into the substrate. This left no other part of the experimental set-up but the cockles (if present) on the surface. The use of anchored cockles was necessary to maintain the experimental densities of surfaced cockles throughout the duration of the experiment. Mean length ( AESE) of experimental cockles was 31.2 AE0.3 mm (N¼50). The number of live, buried cockles in each experimental plot was approximately 550, with no signi¢cant di¡erence between treatments (F 2,102 ¼ 0.38, P¼0.67).
After six months, we took ¢ve 15-cm deep core-samples (each 0.012 m 2 ) in each treatment-plot and sieved them separately on a 500-mm screen. All animals retained were preserved in 4% formaldehyde and identi¢ed to the lowest taxonomical level possible under a dissection microscope. In addition, ¢ve 5-cm deep sediment-cores (diameter¼ 4 cm) were collected in each plot for analysis of the abundance of microphytobenthos.
Abundance of primary producers
The abundance of microphytobenthos in the substrate (largely epipelic and episammic diatoms) was estimated on the basis of chlorophyll-a measurement in each sediment core-sample separately. Ten grams of well-mixed sediment was added to 40 ml 95% ethanol in aluminiumfoil covered £asks, and left in a thermobath with a shaker at 208C for 15 h. The resulting solution was pipetted into a test tube and centrifuged at 3250 rpm for 5 min. The supernatant was then pipetted into 1cm spectrophotometer cuvettes, and the absorbance at 750 and 664 nm was measured both before and after addition of acid (2M HCL). The chlorophyll-a concentration (mg l 71 ) was then calculated according to the formula:
where A before and A after is the di¡erence between the absorbance at 664 and 750 nm before and after addition of acid, respectively. This formula corrects for phaephytin-a content and the values obtained therefore represent 'active' chlorophyll-a that in surface samples of intertidal mud £ats is a good estimator of the population of benthic diatoms and in turn autotrophic production (see Admiraal, 1984; Mouritsen et al., 1998) . The chlorophyll-a concentrations were converted into mg m 72 units prior to statistical analysis.
Biomass of secondary producers
For each replicate core sample, animals were grouped into nine categories according to taxonomic a⁄nity and size (see Table 1 ). Three remaining categories, large gastropods (Buccinidae), Echinodermata and Chordata (Pleuronectiformes), were excluded from the analysis due to their very infrequent occurrence in the samples. The dry weight (DW) and subsequently ash-free dry-weight (AFDW) was determined for each category separately following heating at 1108C for 14 h and 5108C for 16 h, respectively.
Data analysis
The experimental design allowed a two-way analysis of variance (ANOVA) evaluating the e¡ect of treatment, block and their interaction in one analysis. However, in all but two cases (biomass of small polychaetes and organic content) homogeneity of error variance could not be achieved even following standard transformations. Thus, in most cases the block e¡ects (i.e. horizontal variation along the experimental transect) and block-treatment interactions were evaluated by treatment-wise KruskalŴ allis test or one-way ANOVA, depending on the nature of the data. Subsequent analyses of treatment e¡ects were carried out on experimental-plot means with blocks as replicates. In the absence of block e¡ect or large erratic horizontal variation for all three treatments (which otherwise would make an across-block comparison of the treatment level less powerful), Kruskal^Wallis tests and associated post-hoc tests were used. In the presence of block e¡ect or relatively large erratic horizontal variation in one or more treatments, pair-wise comparisons of treatments were performed by Wilcoxon signed rank tests. The statistical analyses were carried out in the Statistical Package for the Social Sciences version 10.0, but for posthoc tests after a Kruskal^Wallis test we followed Siegel & Castellan (1988) . Two-tailed 5% signi¢cance level is used throughout. Data on chlorophyll-a from block 1 were excluded from the analysis because sediment samples in this block were collected by a corer with di¡erent dimensions from the one used for the remaining sediment samples.
RESULTS

Abundance of primary producers
The chlorophyll-a content in the sediment of control and 100-cockle treatments showed signi¢cant spatial variation, with a parallel, approximately U-shaped pattern along the experimental transect (Figure 1 ; control: Kruskal^Wallis test, w 
Biomass of secondary producers
For all nine animal categories, a statistically signi¢cant block e¡ect was absent. Five categories (Coelenterata, Nemertea, small polychaetes, Diloma subrostrata [Gastropoda], and small bivalves) were signi¢cantly a¡ected by treatments (Figure 2 ).Thebiomassof Coelenteratatendedtopeakat intermediate densitiesof surfacedcocklemimics, being signi¢cantly higher than the control (Wilcoxon signed rank test, Z¼2.03, P¼0.043), but not signi¢cantly di¡erent from the 100-cockle treatment (Wilcoxon signed rank test, Z¼1.35, P¼0.18). Also the control and the 100-cockle treatment did not di¡er (Wilcoxon signed rank test, Z¼0.68, P¼0.50).The biomass of Nemertea peaked at the highest density of surfaced mimics (Kruskal^Wallis test, w higher than the biomass in both control (P¼0.018) and 30-cockle treatments (P¼0.035).The control and 30-cockle treatments had similar biomass levels (P¼0.11). A full model twoway ANOVA on the biomass of small polychaetes showed no signi¢cant treatment^block interaction (F 12,84 ¼0.94, P¼0.52). The subsequent reduced model demonstrated no block-e¡ect (F 6,96 ¼1.10, P¼0.37), but a signi¢cant e¡ect of treatment (F 2,96 ¼3.42, P¼0.037), where thebiomass increased with increasing density of mimics on the surface (Figure 2) . However, only the control and the 100-cockle treatment di¡ered signi¢cantly (least signi¢cant di¡erence post hoc test, P¼0.012). The biomass of Diloma subrostrata was a¡ected by treatments as in Nemertea (Kruskal^Wallis test, w
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[2] ¼13.78, P¼0.001), with apeak-level inthe100-cockle treatment significantly higher than in the control (P¼0.02) and the 30-cockle treatment (P¼0.02). The latter two treatments did not di¡er (P¼0.34). Whereas the biomass of small bivalves among controls was signi¢cantly lower than among100-cockle treatments (Wilcoxon signed rank test, Z¼2.03, P¼0.043), there was no signi¢cant di¡erence between the control and 30-cockle treatments (Wilcoxon signed rank test, Z¼1.69, P¼0.091), nor between the two cockle treatments (Wilcoxon signed ranktest, Z¼0.17, P¼0.87).
DISCUSSION
Assuming that the physical e¡ect of cockle mimics is similar to that of heavily infected live cockles, the present results show that the occurrence of cockles on the sediment surface due to parasites can result indirectly in reduced abundance of benthic diatoms (here by 8^22% depending on treatment) as well as positively a¡ect the biomass of a broad group of taxonomically distinct benthic animals. Moreover, in the case of intermediate densities of surfaced cockles, also the otherwise well-de¢ned spatial pattern of abundance seen in the control and 100-cockle treatments (U-shaped, see Figure 1 ) is broken up. The fact that the occurrence of animals did not follow a similar U-shaped pattern along the experimental transect, evidenced by a general lack of signi¢cant block e¡ect regarding biomass, suggests the absence of bottom-up control of the benthic animal community as well as strong top-down control of primary producers. We have emphasized strong because the reduced chlorophyll-a levels in both cockle-treatments may be governed in part by the generally higher abundance of benthic animals in these treatments, either in terms of numbers or biomass (present data): many of the a¡ected species or species-groups are deposit-or selective detritus-feeders that rely on benthic diatoms as a food source.
In contrast, the similar spatial variation in the abundance of benthic diatoms in control and 100-cockle treatments may be governed by minor variation in hydrodynamics and/or exposure time along the experimental transects; both are factors that can in£uence primary production signi¢cantly (see Admiraal, 1984; Pinckney & Zingmark, 1991; Dade et al., 2001; Jahnke, 2001) . Since the density of cockle mimics in the 100-cockle-treatment suggests the development of skimming£ow (see Mouritsen & Poulin, 2005) , which mitigates the impact of surface structural complexity on near-seabed hydrodynamics, the control and the 100-cockle treatment are likely to have been exposed to approximately the same hydrodynamics. Because of fewer mimics on the surface in the 30-cockle-treatment skimming £ow does not occur, and the surface complexity will signi¢cantly change the near-seabed hydrodynamics and hence the pattern of sedimentation (Mouritsen & Poulin, 2005) . A di¡erence regarding spatial variation in abundance of primary producers between the control and the 100-cockle-treatment on the one hand, and the 30-cockle treatment on the other, is therefore not unexpected.
Although we did not measure the primary and secondary production directly, productivity in the present system is most probably highly and positively related to chlorophyll-a (microalgae; see e.g. Admiraal, 1984) and biomass (animals) levels: the organisms all originate from the same source community, and besides the small changes induced by experimental treatments, they have all been exposed to the same set of basic environmental conditions and are therefore likely in the same overall physiological state regardless of treatment.
To our knowledge, the present study is the ¢rst ¢eld experimental demonstration that parasitism may, indirectly through its behavioural modi¢cation of a single community member, signi¢cantly impact both the abundance of primary producers and the biomass of a range of secondary producers that likely translates into overall productivity. Because cockle parasitism similarly has been shown to elevate benthic species richness and diversity (Mouritsen & Poulin, 2005) , our results thus provide experimental support that diversity and productivity are linked as expected from theory (e.g. Loreau et al., 2001 ). An increased focus on such largely unrecognized indirect e¡ects of parasitism may be a fruitful avenue to follow in order to better understand ecosystem functioning in general and the link between diversity and productivity in particular.
